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Abstract. The effects of cabbeling mixing on water mass
modiﬁcation in the Greenland Sea were explored by hydro-
graphic observations across the Greenland Basin in sum-
mer 2006. The neutral surface was chosen as a reference
frame, and the strength of cabbeling mixing was quanti-
ﬁed by the dianeutral velocity magnitude. Active cabbel-
ing spots were detected with the criterion of the velocity
magnitude >1m/day, and four active cabbeling areas were
identiﬁed; the west of Bear Island (SB), the Arctic Frontal
Zone (AFZ), the central Greenland Sea (CG) and the west-
ern Greenland Sea (WG). The most vigorous cabbeling mix-
ing was found at SB, where warm North Atlantic Water
(NAW) mixed with cold water from the Barents Sea, induc-
ing a maximum velocity of 7.5m/day and a maximum den-
sity gain of 4.7×10−3 kg/m3. At AFZ and CG, the mixing
took place between NAW, modiﬁed NAW and Arctic Inter-
mediate Water (AIW), and the density gain at these fronts
were 1.5×10−3 kg/m3 (AFZ) and 1.3×10−3 kg/m3 (CG). In
the western Greenland Sea, the active cabbeling spots were
widely separated and mixing appeared to be rather weak,
with a maximum velocity of 2.5m/day. The mixing source
waters at WG were modiﬁed NAW, AIW and even denser
water, and the density gain in this area was 0.4×10−3 kg/m3.
The deepest mixing produced water whose density is equiv-
alent to that of the dense water of the basin, indicating that
cabbeling in the western Greenland Sea contributed directly
to basin-scale water densiﬁcation. The water mass modiﬁca-
tion rate was the highest at AFZ (about 8.0Sv), suggesting
that cabbeling may play an important role in water transfor-
mation in the Greenland Basin.
Correspondence to: Y. Kasajima
(yoshie.kasajima@gﬁ.uib.no)
1 Introduction
Inter-basin density variation induces water movement from
denser to lighter water, and this buoyancy-induced current
contributes to the global ocean circulation together with
wind-driven currents in the upper layer. Although the global
relation between upper and lower currents is not clear,
changes in lower layer circulation would inﬂuence the up-
per layer circulation, therefore the investigation of buoyancy-
induced currents can be important in a climatological sense.
In the northern Atlantic sector, the water in the Nordic Seas
is denser than that in the North Atlantic Ocean, and the
denser water in the Nordic Seas ﬂows out to the North At-
lantic, which is distinguished as a meridional overturning
current. The density contrast between the Nordic Seas and
the North Atlantic is due to the hydrographic condition of
the Greenland Sea, which allows for deep water formation.
The cyclonic gyre and winter surface cooling in the central
Greenland Sea creates an ideal condition for Deep Convec-
tion and the interplay between warm saline North Atlantic
inﬂow and cold less saline water outﬂow from the Arctic
Ocean promotes the formation of Greenland Sea Deep Wa-
ter. The observations of the last decades, however, indicate
that Deep Convection in the central Greenland Sea has weak-
ened. Consequently, the dense water in the Greenland Basin
has not been renewed and the temperature of the dense water
has increased, which leads to a decrease of the water den-
sity (Clarke et al., 1990; B¨ onisch et al., 1997; Bud´ eus et al.,
1998; Jansen and Opheim, 1999; Karstensen et al., 2005).
This implies less density contrast between the Nordic Seas
and the North Atlantic, retarding the meridional circulation.
Although the dense water in the Nordic Seas is fundamen-
tal for the buoyancy-induced circulation, the direct contri-
bution to the southward overﬂow is the intermediate water
which is formed through shallow convection, subduction and
gradual transformation of Atlantic Water (Hansen and Øster-
hus, 2000). The formation of intermediate water involves
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Fig. 1. CTD stations in the study area.
interactionwithdeepwater, andsmallscalemixingprocesses
play an essential role in the modiﬁcation of water properties
in the whole basin. Small scale mixing is highly localised
and the evaluation of its impacts on the global circulation is
not an easy task. Nevertheless, it is important to investigate
the effects of small scale mixing on water modiﬁcation and
subsequent change of the overall hydrographic condition, es-
pecially when deep convection weakens.
Mechanical turbulent mixing is generally the most robust
mixing process. Its principal source is external forces such
as wind and tides, and turbulence by wind and tides ho-
mogenises the upper layer. Wind- and tidal-induced internal
waves are important agents for deep water modiﬁcation by
enhancing turbulent mixing in the ocean interior. The contri-
bution of turbulent mixing to buoyancy change is represented
in terms of the vertical diffusivity. Munk and Wunch (1998),
however, found that turbulent mixing alone is not enough to
balance the global upwelling and claimed that including all
signiﬁcant turbulent mixing spots in the deep ocean was re-
quired for a proper estimation of diffusivity. Further investi-
gation of signiﬁcant turbulent mixing spots in the deep ocean
is necessary, though the insufﬁciency of turbulent mixing im-
plies that the contribution of other mixing processes can be
substantial in the basin scale change of buoyancy.
Apart from turbulent mixing, important small scale mix-
ing processes include double diffusion, cabbeling and ther-
mobaricity. The driving force of double diffusion is the dif-
ference in the molecular diffusivity of heat and salt. Temper-
ature diffuses much faster than salt and thus a water parcel
loses heat quickly while salinity remains nearly unchanged,
and the density of the water parcel changes without exter-
nal forcing. Cabbeling and thermobaricity occur due to the
nonlinear features of seawater. The ﬁrst is a mixing of wa-
ter masses with different properties, which produces water
denser than source waters, and the second is the densiﬁcation
of a water parcel as a result of compressibility where cold
water is more compressible than warm water. In high lati-
tudes, the presence of sea ice cools surface waters nearly to
the freezing point and can create a sharp interface in the sur-
face layer between cold less saline water on top and warmer
and saline water below. This is a prerequisite for double dif-
fusive convection, and the strong stratiﬁcation can cause an
abrupt overturning though thermobaricity (Akitomo, 1999).
In the Barents Sea, double diffusive mixing plays an impor-
tant role when the shear-induced turbulent mixing is rela-
tively weak (Sundfjord et al., 2007). At the Arctic Front
to the west of Spitsbergen, warm and saline North Atlantic
Water and cold and less saline Arctic Water create an ideal
hydrographic condition for double diffusion and cabbeling
processes (Cottier and Venables, 2007).
McDougall (1987a) derived a water mass modiﬁcation
equation for turbulent mixing, double diffusion, cabbeling,
and thermobaricity and estimated that cabbeling and ther-
mobaric processes in the North Atlantic would cause water-
mass conversion of a magnitude equal to that caused by a
vertical diffusivity of 10−4 m2 s−1. A theoretical study by
Garrett and Horne (1978) exhibited that cabbeling processes
caused a signiﬁcant sinking rate at fronts and may drive ver-
tical circulations to maintain fronts against diffusion. Horne
(1978) showed that cabbeling was the dominant mechanism
which drove vertical circulation at the subsurface front be-
tween warm slope water and Labrador slope water, and You
(1996) demonstrated that the contribution of cabbeling to-
gether with thermobaricity was signiﬁcant for vertical trans-
port in the Indian Ocean. At the Antarctic Polar Frontal
Zone, cabbeling mixing plays an important role in a strong
cross-frontal exchange (Gordon et al., 1977; You, 1999) and
it also can cause a signiﬁcant diapycnal volume ﬂux (Marsh,
2000). In the western Paciﬁc, cabbeling in combination with
double diffusion is the major mechanism for water transfor-
mation in the subarctic front (Talley and Yun, 2001).
The purpose of this paper is to investigate the role of
cabbeling in water densiﬁcation in the Greenland Basin. In
the following sections, we discuss hydrographic conditions
and dominant water types in the Greenland Basin (Sect. 2)
andreviewthewatermassmodiﬁcationequationpresentedin
terms of the neutral surface coordinate (Sect. 3). In Sect. 4,
the signiﬁcant cabbeling mixing areas are determined from
the cabbeling-induced vertical velocity and the water mass
modiﬁcation in the active cabbeling areas are examined, then
the density increase due to cabbeling is quantiﬁed. The po-
tential contribution of cabbeling to the large scale dynamics
is discussed in Sect. 5.
2 Hydrography
In July 2006 hydrographic observations were performed
from R/V G.O.Sars under the EU-project CARBOOCEAN.
The observations were carried out across the Greenland
Basin with 34 CTD stations along 75◦ N in the central Green-
land Sea and 24 CTD stations along 74.5◦ N on the basin
slope towards Bear Island (Fig. 1).
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Fig. 2. (a) Temperature and (b) salinity across the Greenland Basin.
Theupperpartisexpandedandarrowsindicatethefrontalinterfaces
according to van Aken et al. (1991).
CTD observations show the general hydrographic features
in the Greenland Sea; warm Atlantic water ﬂows northward
in the east, cold less saline water is found in the central part,
fresh water in the western surface layer and the re-circulated
Atlantic water below the fresh water (Fig. 2). The dominant
water type in the east, North Atlantic Water (NAW), is found
in the upper 500m with a salinity above 35. Within the dom-
inant NAW, two NAW cores (S>35.1), can be identiﬁed; one
is around 16◦ E and another around 9◦ E and a cold water col-
umn around 10◦ E separates these two cores. Further west,
there is another saline water column around 6◦ E and a saline
water patch around 3◦ E, which is a forefront of NAW in the
eastern Greenland Sea. The area with signiﬁcant horizontal
property gradients due to NAW is distinguished as the Arctic
Frontal Zone. According to observations along 74.45◦ N in
February 1989 there are four frontal interfaces in the Arctic
Frontal Zone (van Aken et al., 1991). The locations of these
frontalinterfacesagreewellwithourobservations, exceptthe
easternmost front which is located slightly to the west around
10◦ E. These frontal interfaces are named front A, B, C and
D (Fig. 2) following van Aken et al. (1991). In the western
part, the re-circulated NAW occupies depths from near sur-
face to about 400m and the salinity is comparable to that of
NAW in the eastern part. Low salinity water in the surface
layer is rather insigniﬁcant in 2006. On the easternmost part
of the basin, there is another water type of less saline and
cold water. It creates a sharp interface with NAW and can be
identiﬁed as Spitsbergen Bank Water (SBW, Loeng, 1990).
SBW is formed locally in the Barents Sea and the sharp in-
terface with NAW can be the westward continuation of the
front which is formed along the Spitsbergen Bank.
Table 1. Water mass classiﬁcation in the Greenland and Iceland
Seas according to Swift and Aagaard (1981); NAW, PW, uAIW,
lAIW, NSDW, GSDW, van Aken et al. (1995); NwAW, Atlantic
Water type, Loeng (1990); SBW. NAW is referred as Atlantic Water
(AW) in Swift and Aagaard (1981).
Water type S θ
Atlantic Water (AW)
Norwegian Atlantic Water (NwAW)
Atlantic Water type
Polar Water (PW)
Upper Arctic Intermediate Water (uAIW)
Lower Arctic Intermediate Water (lAIW)
Norwegian Sea Deep Water (NSDW)
Greenland Sea Deep Water (GSDW)
Spitsbergen Bank Water (SBW)
35.1<S<35.3
35.0<S
34.9<S
S<34.4
34.9<S<35.0
34.7<S<34.9
34.90<S<34.94
34.88<S<34.90
S<34.4
6<θ<8
3<θ
2<θ
θ<0
0<θ<3
θ<2
θ<0
θ<−1
1<θ<3
The water masses in the Greenland Sea were classiﬁed
by Swift and Aagaard (1981) and they are listed in Table 1.
The hydrographic data in 2006 are compared to their deﬁni-
tions on a T-S diagram (Fig. 3). The dataset in 2006 shows
that Greenland Sea Deep Water (GSDW) is absent and that
the densest water, which is less than σθ=28.1, is classiﬁed
as Norwegian Sea Deep Water (NSDW). Polar Water is not
present. Instead very low salinity water (<33.0) is present,
corresponding to SBW. The salinity of NAW is more than
35.1 according to Swift and Aagaard (1981), though most of
the NAW shown in Fig. 2b tends to be less saline and colder.
VanAkenetal.(1991)referstowaterofAtlanticoriginasthe
Atlantic water type (S>34.9 and θ>2◦C), and NAW prop-
erties in the Norwegian Sea is deﬁned as θ>3◦C, S>35.0,
which is referred as Norwegian Atlantic Water (NwAW) in
van Aken et al. (1995). Their deﬁnition matches better to
NAW property in 2006. SBW properties in 2006 are also dif-
ferent from the deﬁnition of Loeng (1990), having become
slightly warmer and more saline.
The lack of GSDW and the discrepancy in water proper-
tiesfromthedeﬁnitionofSwiftandAagaard(1981)indicates
that water properties in the Greenland Basin have changed
through decades, therefore, we re-deﬁne water types as a
matter of convenience based on the water types listed in Ta-
ble 1. The temperature and salinity range of Atlantic Water
type is broader than that of NAW and it can be applied to
NAW in 2006, however, the salinity of re-circulated NAW
on the west is as high as that of NAW in the east. In order to
separate NAW from the re-circulated NAW we deﬁne NAW
to have S>34.9 and θ>3◦C while the re-circulated NAW is
colderthan3◦C.Accordingtothisdeﬁnitionthere-circulated
NAW can include colder NAW in the eastern Greenland Sea,
therefore this water type is called modiﬁed NAW (mNAW).
The temperature and salinity ranges of SBW are expanded
and the water is re-named as Bear Island Water (BIW). Wa-
ter corresponding to NSDW property is re-named as Dense
Water (DW). The interior water in the Greenland Basin is
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Fig. 3. T-S diagram for all data points (upper small diagram) and
for more focused data points (large). Water types deﬁned by Swift
and Aagaard (1981) are indicated with boxes in the large diagram.
classiﬁed as Arctic Intermediate Water (AIW), which is less
saline than NAW and warmer than DW. These re-deﬁned wa-
ter properties are listed in Table 2 together with their volume
percentages.
The re-deﬁned water types occupy about 70% of the vol-
ume in the cross-section and the rest can be thought as a mix-
ture of the deﬁned waters. Within the deﬁned water types,
DW accounts for the largest part (∼54%) and the percentage
of NAW, mNAW, AIW and BIW together is less than half
of that of DW (about 16%). The high density in the Green-
land Basin is due to the large volume of DW and an addi-
tional 30% of the total water volume, which is not classiﬁed
into water types listed in Table 2, has low temperature with
density close to DW (Fig. 3). These dense waters determine
the overall density of the Greenland Basin. Even though the
volume is small, these mixed water types are an important
source for heat and salt in the Greenland Basin and also for
DW property change in the long term.
3 Water mass modiﬁcation equation
The neutral surface, which is a surface satisfying the relation
(McDougall, 1987b),
α ∇n θ = β ∇nS. (1)
is used as the coordinate system in this study. α and β are the
thermalexpansionandhalinecontractioncoefﬁcientsdeﬁned
as (for the deﬁnition of α0 and β0, see Gill, 1982)
α = −
1
ρ
∂ρ
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Table 2. Water types found in the current dataset. The relative
volume percentage is calculated by data points which satisfy the
salinity temperature range for water types divided by the total data
number times 100.
Water type Salinity Potential Relative
temperature volume
percentage
North Atlantic
Water (NAW)
34.9<S 3<θ 5.8%
Modiﬁed North
Atlantic Water
(mNAW)
34.9<S 0<θ<3 7.5%
Arctic Intermediate
Water (AIW)
34.7<S<34.9 θ<2 1.9%
Dense Water (DW) 34.90<S<34.94 θ<0 53.4%
Bear Island Water
(BIW)
S<34.9 3<θ 0.71%
and ∇n is the lateral gradient operator along a neutral sur-
face. The neutral surface allows a water parcel to move with-
out experiencing a buoyancy restoring force along the sur-
face, whereas on an isopycnal surface the restoring force be-
comes signiﬁcant with distance from the reference level due
to the effect of compressibility. Therefore, the neutral sur-
face frame is more appropriate for the study of lateral mix-
ing. In the analysis domain, neutral surfaces are calculated
eastward from the points with certain density (σθ=27.50,
27.51,...28.07 with the interval of 0.01) in the westernmost
station and 58 neutral surfaces (γ27.50, γ27.51,..., γ28.07)
are determined. When a neutral surface outcrops it cannot
be traced further since the water properties are not conserved
along a neutral surface. In the study area, γ27.50–γ27.55
outcrops already by 10.7◦ W, and γ27.56 by 2◦ W, therefore
only water properties below γ27.56 are analysed across the
whole basin.
Selected neutral surfaces and their isopycnal counterparts,
potential density referenced to the surface, are shown in
Fig. 4. The deviation between neutral surfaces and the isopy-
cnals becomes notable with depth and tends to be larger to-
ward the eastern periphery. Neutral surfaces appear shal-
lower than isopycnals and the difference tends to be conspic-
uous in the middle of the Greenland Basin, in which γ28.07
appears around 1500m while σθ=28.07 appears at nearly
1800m. The deeper location of isopycnals causes higher
pressure gradients along the isopycnals that would lead to er-
roneous lateral mixing (McDougall, 1987b). The neutral lay-
ers above γ28.0 are conﬁned in shallow waters in the central
Greenland Sea while layers from γ28.0 to γ28.07 occupy
most of the spatial domain (100m–1500m). Along 74.5◦ N,
the neutral surfaces are spaced more evenly and the vertical
distance between γ28.0 and γ28.07 decreases to 150m in
the eastern periphery. The thickness from γ28.0 to γ28.07
can be interpreted as the thickness of the intermediate water
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Fig. 4. Neutral surfaces (solid lines) and isopycnals referenced
to surface (dotted lines) across the Greenland Basin. Neutral sur-
faces are at 27.6, 27.7, 27.8, 27.9, 28.0 and 28.07 calculated east-
ward from the western-most station. The shallowest neutral surface,
γ27.5, outcrops to the west of 10.7◦ W and therefore does not ap-
pear in the ﬁgure.
layer and γ28.07 can correspond to the permanent pycno-
cline which separates the intermediate water from the deep
water in the basin. The analysis domain in this study repre-
sents the surface and intermediate layers.
McDougall (1984, 1987a) formulated an equation for e,
the vertical velocity associated with turbulence, double dif-
fusion, cabbeling and thermobaricity from the conservation
equations for heat and salt. It is expressed as,
(e − Dz)g−1N2 = D (αθzz − βSzz) +

βFS
z − αFθ
z

−κ
j
θzCcb |∇nθ|2 + θzCth∇nθ · ∇np
k
(2)
Here κ and D indicate the epineutral and dianeutral diffusion
coefﬁcients, Rρ=αθz/βSz is a density ratio and Fθ, Fs are
the double diffusive ﬂuxes of heat and salinity.
Ccb and Cth are cabbeling and thermobaric parameters,
expressed as
Ccb (θ,S,p) =
"
∂α
∂θ
+ 2
α
β
∂α
∂S
−
α2
β2
∂β
∂S
#
,
Cth (θ,S,p) =

∂α
∂p
−
α
β
∂β
∂p

.
The terms on the right side of (2) indicate turbulent mixing,
double diffusive mixing, and non-linear processes (cabbeling
and thermobaricity). The vertical velocity, e, is the result of
these mixing processes and the velocity due to the cabbeling
process only is written as
ecb = −gN−2κ |∇nθ|2 Ccb (θ,S,p). (3)
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The cabbeling-induced velocity (3) is used as an indicator of
the strength of the cabbeling mixing and the cabbeling pro-
cess is investigated based on the velocity in the next section.
Prior to the quantitative study of cabbeling, the effective
diffusivity due to cabbeling is calculated in order to see the
signiﬁcance of cabbeling in the study area. The effective dif-
fusivity is equivalent to the vertical diffusivity that will cause
the same vertical velocity calculated from (2), and it is (Mc-
Dougall, 1987a)
Dcb = κ |∇nθ|2 Ccb (θ,S,p)/(αθzz − βSzz). (4)
Usingthelateraldiffusivityκ=550m2 s−1 estimatedfromthe
tracer release experiment in the central Greenland Sea (Mes-
sias et al., 2007), the effective diffusivity averaged over the
whole Greenland Sea is Dcb=3.4×10−6 m2 s−1. This is not
very signiﬁcant, however the spatial variation in the diffusiv-
ity is large and the maximum Dcb exceeds 0.1m2 s−1. It is
expected that cabbeling plays an important role in the local
mixing in certain areas even though the spatial average of
cabbeling effects can be rather insigniﬁcant.
4 Cabbeling mixing in the Greenland Basin
4.1 Cabbeling-induced velocity
As the effective diffusivity indicates, cabbeling mixing is
highly localised like other small scale mixing, and the effects
of cabbeling are evaluated by exploring the active cabbeling
spots. The magnitude of the dianeutral velocity, ecb, can be
a good indicator for active mixing. The velocity across the
Greenland Basin shows that high velocity patches appear in-
termittently but their locations seem to be consistent with the
interfaces of different water types (Fig. 5). The highest ve-
locity over the whole area is found in the eastern periphery,
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where the high velocity appears as a columnar structure from
surface to bottom. It corresponds to the interface between
BIW and NAW and the velocity maximum is found around
γ27.65 with the highest magnitude of 7.5m/day. In the Arc-
tic Frontal Zone (2◦ E∼15◦ E) the high velocity patches ap-
pear around 10◦ E, 8◦ E and 6◦ E, which are consistent with
the locations of the frontal interfaces. The highest velocity is
around γ28.0 at front B (at 6◦ E) and its magnitude reaches
3m/day. The velocity patch shifts position to lower layers
in the neutral surface coordinate towards the west, and it is
seen at γ28.0 with the magnitude of 4m/day in the central
basin. Further west, the high velocity patch is more widely
spread over the area below γ28.0, and the velocity is rather
low with a maximum value of less than 3m/day. The veloc-
ity patches are not seen in the vast area above γ27.7 in the
western and central Greenland Sea, and below γ27.8 in the
eastern periphery.
Garrett and Horne (1978) showed that the typical
cabbeling-induced vertical velocity at a front was 1m/day,
and this value is used as the criterion of active cabbeling mix-
ing. Figure 6 shows the geographical location of the mixing
spots which pass this criterion and the two points connected
with a line indicate the positions of the mixing source wa-
ters. As shown in Fig. 6, the active cabbeling spots are found
in the eastern periphery, the Arctic Frontal Zone, the central
and the western Greenland Sea. These areas are recognised
as frontal areas and are referred to as SB, AFZ, CG and WG,
respectively. SB,AFZandCGarelocatedinthesurfacelayer
or in the upper part of the intermediate layer and their exten-
sions in space are rather small, whereas cabbeling spots at
WG are interspersed over the intermediate layer, even at the
edge of the permanent pycnocline (see Fig. 4). The zonal and
vertical extensions of fronts are listed in Table 3.
Table 3. The areas of high cabbeling mixing. SB is west of Bear
Island, AFZb–c are in the Arctic Frontal Zone, CG located in the
central Greenland Sea, WG is in the western Greenland Sea.
Front
name
Horizontal
range
Depth
range
Volume of the front
per m of meridional
extent (×106 m3)
SB 16.5–18.5E
(59.4km)
13–205m
(193m)
11.5
AFZ
AFZc
AFZb
8–8.5E
5–7.5E
(116.4km)
62–245m
51–302m
(252m)
29.3
CG 5–3W
(57.5km)
41–210m
(170m)
9.8
WG 12–7W
(143.8km)
78–1152m
(1075m)
154.6
According to the Eq. (3), the cabbeling velocity is deter-
mined by three factors, i.e. the stratiﬁcation, the lateral tem-
perature gradient, and the cabbeling parameter, and the mag-
nitude of the cabbeling velocity is the result of the balance
between these parameters. In this study the variation in the
cabbeling parameter is small (1.2∼1.3×10−5◦C−2) and its
effect on the velocity magnitude is minor. The buoyancy fre-
quency and the lateral temperature gradient are the compet-
ing factors but buoyancy frequency seems to dominate over
lateral temperature gradient. The Arctic Frontal Zone is an
area of high lateral temperature gradient, though the active
cabbeling spots are found only at front B and front C. The
buoyancy frequency (Fig. 7) shows that the active cabbel-
ing spots appear below 1.0×10−4 s−1, below the pycnocline
(∼50m). The cabbeling spots at front A and front D are lo-
cated in the stratiﬁed layers, and thus the vertical velocity
at these fronts would be suppressed by the high stratiﬁcation.
In the other highly stratiﬁed area active cabbeling is not seen,
either.
4.2 Water modiﬁcation at frontal areas
The vertical velocity causes a dianeutral ﬂux associated
with water mass modiﬁcation, which induces water volume
changes within layers where mixing takes place. In order to
understand where and by how much source waters change
their properties the water mass formation rate is calculated.
The water mass formation rate, M(γ), is deﬁned by the vol-
ume ﬂux change through the isopycnals (Walin, 1982),
M(γ) = ∂G(γ)/∂γ. (5)
Here G(γ) is the volume ﬂux across the vertical coordinate
γ. Our observations are spatially limited and cannot provide
a precise volume transport per unit area. In order to apply
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Fig. 7. Buoyancy frequency (×10−4 s−1) and the areas in which
cabbeling-induced velocity is more than 1m/day. The thick lines
indicate N2=1.0×10−4 s−1.
Eq.(5)andtoexaminethemixedwaterproperties, wemakea
few assumptions about the velocity and the size of the fronts.
Firstly, the velocity at the active cabbeling spots at each front
isaveragedovereachneutralsurfaceandthisaveragedveloc-
ity represents the cabbeling velocity at the frontal area. Sec-
ondly, the frontal area is deﬁned by the zonal length of fronts
listed in Table 3. The meridional length of fronts is taken
as 1km since measurements along a section preclude any
knowledge of the meridional extent of a cross-section front.
Volume ﬂuxes should, under this assumption, be understood
as volume ﬂuxes per kilometre of meridional front extent,
with a similar understanding applied to formation rates as
well. The realistic meridional length of the front can be much
larger, and the zonal length would be much smaller since
the active cabbeling spots are interspersed within the zonal
space. The more realistic horizontal front size is discussed
in the last section. The assumed frontal area in this section
is then 59.4km2 for SB, 116.4km2 for AFZ, 57.5km2 for
CG and 143.8km2 for WG. We express the volume ﬂux such
that G(γ)=ecb (γ)×A (units of m3 s−1), where the vertical
coordinate γ is associated with neutral surfaces instead of
isopycnals in this study. Lastly, the volume ﬂux through the
lowest neutral surface is calculated by assuming that the ve-
locity at the layer below is zero. The water mass formation
rate M(γ) is quantiﬁed at the layer between the neutral sur-
face γi and γi+1. We also assume that cabbeling in the study
area takes place without mechanical forcing and that the ad-
jacent water masses along the neutral surface mixes in equal
proportions. The source water properties at each frontal area
are shown in the TS-diagrams (Fig. 8), where the mixed wa-
ter properties are expected to lie halfway between the two
source water properties.
Figure 9 shows the vertical variation of the cabbeling ve-
locity of Fig. 5, evaluated here over the extent of each front.
The velocity atSB is the highest of all. On theother hand, the
local maxima are not so sharp at the other fronts where the
vertical variation in the velocity magnitude is rather small.
The cabbeling spots at AFZ are categorized in three differ-
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Fig. 8. T-S diagrams of mixing source water at (a) SB, (b) AFZ, (c)
CG and (d) WG. Two end-members are connected with a line and
the mixed water property is assumed to lie in the middle of the line.
ent neutral surface ranges; γ27.8–γ27.89, γ27.93–γ27.94
and γ27.98–γ28.0. The ﬁrst group in the shallowest lay-
ers (γ27.8–γ27.9) stretches over to the whole AFZc and the
upper part of AFZb (see Table 3) and the second and third
groups corresponds to the lower part of AFZb. The regions
ofvelocityassociatedwithactivecabbelingatCGisfoundon
lower neutral surfaces than the second group at AFZ, though
its depth is shallower since the neutral surfaces rise to the
surface in the central Greenland Sea. At WG the velocity
maximum appears at γ28.05 in the intermediate layer.
The TS-diagram (Fig. 8a) shows that the source waters at
SB are BIW and NAW and all resultant water is classiﬁed
into NAW. At AFZ (Fig. 8b) there are two types of mix-
ing: one within NAW at a shallow level and another within
mNAW, or with AIW at a lower level. The source waters
in the ﬁrst velocity group are clearly distinguished as NAW.
The distinction of the source waters for the second and third
groups is more complicated: the source waters for the sec-
ond group are mNAW, and that for the third group are both
mNAWandAIW.Theresultantwaterforboththesecondand
third groups is mNAW. The source waters at CG (Fig. 8c) are
AIW and mNAW, and mixing of equal proportions of these
waters produces mNAW, though its temperature is lower here
than that at AFZ. The mixing at WG (Fig. 8d) is the most
variable of all the frontal areas and the cabbeling spots at WG
are largely interspersed from 80m to 1000m even though the
neutral surface is concentrated in the range between γ28.0–
γ28.07, and the source waters vary in mNAW, AIW and DW.
Mixing in the upper neutral layers occurs between mNAW
and AIW or within mNAW. In the layer below mNAW the
mixing occurs between AIW and DW or within DW. The
resultant waters of the mixing at WG are not only of one
type but are dependent on the source waters.
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Fig. 9. Velocity ecb(γ) (m/day), averaged over layers.
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Fig. 10. Vertical velocity divergence (m/day), which is equivalent to water mass formation rate per m2.
Figure 10 shows the velocity divergence with respect to
the dianeutral direction. If the horizontal frontal area, A, is
constant, the vertical variation of the velocity divergence is
analogous to the vertical variation of the water mass forma-
tion rate. The uppermost layer tends to have the highest re-
duction and the lowermost layer has the highest formation.
The sign of the divergence tends to change from negative in
the upper layers to positive in the lower layers. The nega-
tive (positive) divergence indicates the reduction (formation)
of water within the layer, and thus indicates that cabbeling
produces denser water in the upper layers and transports it
to the lower layers. At SB the highest water volume reduc-
tion occurs not in the upper most layer but at γ27.61 and the
sign of the divergence changes at the local velocity maxima
(see Fig. 9). The highest divergence is seen in the lowest
layer with the value of 267m/day (∼0.0031m/s). At AFZ,
three pairs of layers of destruction and formation are appar-
ent in γ-space. The velocity divergence in the lower layer of
each pair is 110m/day (∼0.0013m/s) at γ27.895, 232m/day
(∼0.0027m/s) at γ27.945 and 235m/day (∼0.0027m/s) at
γ28.005. The divergence maximum at CG is slightly less
than that at AFZ (153m/day ∼0.0018m/s) and it is even
smaller at WG (117m/day ∼0.0014m/s). The positive diver-
gence at γ28.0 at WG corresponds to the mixing of mNAW
whereas that at γ28.05∼γ28.07 is due to the mixing be-
tween AIW and DW. The sum of the reduction and forma-
tion of water is nearly zero at most of the fronts, and the
slight imbalance in the volume ﬂux can be attributed to the
assumptionthattheverticalvelocitybelowthelowestdeﬁned
neutral surface (γ28.07) is zero. A notable feature at SB is
that the highest divergence found in the lowest layer, exceeds
the negative divergence at layers above (excess of 123m/day,
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Fig. 11. Density anomaly estimated from the difference between averaged in situ density of source water and in situ density of the mixed
water.
∼0.0014m/s). The lowest neutral surface reaches the ocean
bottom at SB and the positive velocity divergence implies
that the dense water which is produced sinks to the deep parts
of the Greenland Basin.
The water mass formation rate at each frontal area is cal-
culated by multiplying the frontal area with the velocity di-
vergence. With our assumption of a 1km meridional ex-
tent to the front, as discussed above, the lowest layer water
mass formation rate is 0.18Sv (=0.0031[m/s]×59.4[km2])
at SB, and the net water mass formation rate is estimated to
0.085Sv. About half the water volume produced in the low-
est layer sinks into the deep water. The water mass modiﬁca-
tion rates at the lowest layers in three groups are estimated to
0.15Sv (=0.0013[m/s]×116.4[km2]), 0.31Sv, and 0.32Sv,
respectively. The maximum volume increase seen in the sec-
ond and third groups are twice that of the ﬁrst group indi-
cating that mNAW is more effective than NAW in producing
denser water. At CG the modiﬁcation rate at the lowest layer
is0.10Sv(=0.0018[m/s]×57.5[km2]). Theresultingadmix-
ture at CG is mNAW, though its temperature decreases with
depth and its water property becomes closer to AIW in the
lower layer (Fig. 8). At WG the mixed water type is DW in
the lowest layer and the formation rate at this layer is 0.20Sv
(=0.0014[m/s]×143.8[km2]).
4.3 Density gain due to cabbeling process
The mean in situ density of the source waters is compared
with the mixed water in situ density at a neutral surface
and the difference between them is plotted in Fig. 11. The
increase of density anomaly is proportional to the velocity
magnitude in the upper layers at SB, and it reaches maximum
at γ27.62 with the value of 7.6×10−3 kg/m3. Below γ27.67
the density anomaly decreases signiﬁcantly to the bottom.
Table 4. Density gain at each front and the potential density of the
mixed water in the lowest layer.
Front Net density gain Mixed water density
(×10−3 kg/m3) in the lowest layer (σθ)
SB 4.7 27.747
AFZ 1.5 27.963
CG 1.3 28.022
WG 0.4 28.066
Thedensityanomalytendstodecreasewithdepthattheother
fronts. At AFZ, the density anomaly in the ﬁrst group (above
γ27.90, NAW mixing) is slightly higher than that in the sec-
ond and third groups (below γ27.90, mNAW mixing) even
though the velocity in the second/third groups is higher than
in the ﬁrst group. The density anomaly decrease with depth
is more apparent at CG and WG. The density of the lower
layer is higher than that in the upper layers and the mixing of
denser water leads to a smaller density anomaly whereas the
mixing between NAW and BIW is most effective in increas-
ing the water density.
The net density gain at each frontal column is deﬁned here
as the mean value of the density anomaly through the layers.
The density gain at SB is the highest with 4.7×10−3 kg/m3
and the lowest density gain is at WG with 0.4×10−3 kg/m3
(Table 4). Conversely, the potential density of the mixed wa-
ter in the lowest layer is the highest at WG (σθ=28.07) and it
is the lowest at SB (σθ=27.75, Table 4).
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5 Discussion
The water mass modiﬁcation rate in Sect. 4.2 was presented
under the assumption that the meridional length is 1km. The
realistic meridional length of the fronts can be several kilo-
metres, especially at SB and AFZ where the front extends
along the northward Atlantic ﬂow in the Nordic Seas. Here
we discuss the realistic size of the frontal area and the asso-
ciated water transformation.
Most of the active cabbeling spots are observed between
two or three CTD stations (Fig. 6). The mean distance be-
tween CTD stations is 16.3km, therefore, the zonal length
of the active cabbeling area can be 16.3km ∼22.6km. For
the case of SB, the most vigorous mixing spots are found be-
tween two CTD stations in the eastern part of the front, and
thus ∼16.3km can be more realistic for the zonal length. SB
is a part of the front formed along the Spitsbergen Bank in
the Barents Sea and the location of BIW (or SBW according
to Loeng, 1990) is conﬁned to the Spitsbergen Bank. Bear Is-
land is a tip of the Spitsbergen Bank, and thus the meridional
length of SB can be thought as the length of the Bear Island
(∼20km). From this horizontal area (16.3km×20km) the
water mass formation rate at the lowest layer is estimated to
1.0Sv.
The Arctic Frontal Zone consists of multiple frontal in-
terfaces and active cabbeling spots were found at two front
interfaces, B and C. A sharp frontal interface can be narrow,
and here the zonal length is presumed to be the length be-
tween CTD observations, 16.3km. The zonal length of the
two interfaces is, therefore, about 30km. The meridional ex-
tent of the Arctic Frontal Zone can be equivalent to that of the
Greenland Basin (ca. 500km), though cabbeling would not
occur at such high magnitude along the entire Arctic Frontal
Zone. If the meridional length is taken as 100km, then the
water mass formation in the Arctic Frontal Zone is estimated
as 8.1Sv. In summer 2006, four frontal interfaces, A, B, C
and D, are evident, but active cabbeling is detected only at B
and C. High buoyancy gradient suppresses the vertical veloc-
ity, and thus cabbeling cannot induce high velocity at inter-
faces A and D, which are located in the upper stratiﬁed layer.
This implies that cabbeling induced velocity becomes more
signiﬁcant when the buoyancy barrier is weakened in winter
time. If the frontal interfaces A and D can cause a compa-
rable amount of water modiﬁcation as at B and C in winter,
then the net water transformation at AFZ may increase con-
siderably in winter.
The central Greenland Sea is the area of no clear front.
From Fig. 6 the reasonable zonal length is three CTD sta-
tions, ca. 30km. If the mixing area can be estimated as a
circle in the central gyre, then the active cabbeling area is
presumed to be 152π km2. With this horizontal area the wa-
ter mass formation rate is estimated to 1.3Sv.
In the western part of the Greenland Sea the re-circulated
NAW can form a weak front with the water of the interior
of the Basin. The length of a weak front is larger than that
of a sharp front and the meridional extent would be less sig-
niﬁcant than that found on the eastern side of the Greenland
Sea. It is difﬁcult to specify a reasonable horizontal area.
Taking the area as 20km×20km, the transformation is es-
timated to be ∼0.56Sv. It is notable that the mixed water
density was the highest at WG. Table 2 shows that DW and
other waters comprising 30% of the total volume determine
theoveralldensityoftheGreenlandBasin, andhencethevol-
ume increase of denser waters contributes directly to main-
taining the density contrast between the Greenland Basin and
the surrounding basins.
Although the water mass formation rates estimated above
include a large uncertainty, most of the estimated water mass
modiﬁcation rates are one order higher than the renewal rate
of intermediate water (0.1 to 0.2Sv, Karstensen et al., 2005)
in the Greenland Sea. This indicates that cabbeling could
play an important role in the transformation of water masses
in the Greenland Basin. The increase of water volume in the
intermediate layer causes the change of the thickness of the
intermediate layer leading to a decrease in potential energy.
The variation in the layer thickness controls the speed of the
overﬂow (Whitehead, 1998), and so cabbeling might there-
fore affect the overﬂow velocity.
A remarkable feature of SB is the excess water production.
Based on the horizontal area discussed above, the transport
is 0.45Sv. This is one order higher than the brine water over-
ﬂow from Storfjorden in the north of Bear Island (0.06Sv,
Skogseth et al., 2008). The brine water formation occurs
only in winter whereas cabbeling at SB is expected to oc-
cur throughout the year since BIW and NAW are present
throughout the year. Even though the inﬂuence of these
transports on the buoyancy of the Greenland Basin has not
yet been determined, the cabbeling-induced transport at SB
supplies more water to the Greenland Basin, and so could
have more impact on hydrographic change in the Greenland
basin. In addition, the active cabbeling spots at SB form a
columnar structure that may act as a transport pipe, trans-
porting the surface water to the bottom. The surface wa-
ter in the Barents Sea is rich in inorganic carbon (Omar et
al., 2003) and the conversion of BIW in Barents Sea Open-
ing may transport high pCO2 water into the deep Greenland
Basin.
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